Field Test and Sensitivity Analysis of a Sensible Heat Balance Method to Determine Soil Ice Contents
Yuki Kojima,* Joshua L. Heitman, Gerald N. Flerchinger, Tusheng Ren, Robert P. Ewing, and Robert Horton Soil ice content impacts winter vadose zone hydrology. It may be possible to estimate changes in soil ice content with a sensible heat balance (SHB) method, using measurements from heat pulse (HP) sensors. Feasibility of the SHB method is unknown because of difficulties in measuring soil thermal properties in partially frozen soils. The objectives of this study were (i) to examine the SHB method for determining in situ ice content, and (ii) to evaluate the required accuracy of HP sensors for use in the SHB method. Heat pulse sensors were installed in a bare field to measure soil temperatures and thermal properties during freezing and thawing events. In situ soil ice contents were determined at 60-min intervals with SHB theory. Sensitivity of the SHB method to temperature, heat capacity, thermal conductivity, and time step size was analyzed based on numerically produced soil freezing and thawing events. The in situ ice contents determined with the SHB method were sometimes unrealistically large or even negative. Thermal conductivity accuracy and time step size were the key factors contributing to SHB errors, while temperature and heat capacity accuracy had less influence. Ice content estimated with a 15-min SHB time step was more accurate than that estimated with a 60-min time step. Sensitivity analysis indicated that measurement errors in soil temperature and thermal conductivity should be less than ±0.05°C and ±20%, respectively, but the error in the soil heat capacity could vary by ±50%. Thus, improving the accuracy of thermal conductivity measurements and using short time steps are required to accurately estimate soil ice contents with the SHB method.
Abbreviations: DOY, day of the year; HP, heat pulse; RMSE, root mean square error; SHAW, simultaneous heat and water; SHB, sensible heat balance; TDR, time domain reflectometry.
Vadose zone hydrology during winter is affected by soil freezing and thawing processes. Because of the steep matric potential gradients in partially frozen soils (Williams, 1964; Koopmans and Miller, 1966) , liquid water flows upward from unfrozen soil into partially frozen soil (Dirksen and Miller, 1966; Kung and Steenhuis, 1986) . The low infiltration rates of partially frozen soils can induce surface runoff of rainfall or snowmelt Cruse et al., 2001) . To improve the understanding of winter hydrology, the characteristics of partially frozen soils such as liquid water contents, rates of water phase change (freezing and thawing rates), and liquid water flow rates must be quantified accurately.
Several methods have been tested to determine liquid water contents in partially frozen soils. Dielectric permittivity, measured by time domain reflectometry (TDR), has been used to quantify in situ liquid water content in partially frozen soils (Patterson and Smith, 1981; Stein and Kane, 1983; Hayhoe et al., 1983; Smith and Patterson, 1984) , with ice being a minor complication, i.e., the dielectric permittivity of ice is not negligible when the ice content is large and liquid water content tends to be overestimated (Smith and Tice, 1988; Spaans and Baker, 1995; Seyfried and Murdock, 1996; Watanabe and Wake, 2009 ). However, in situ quantification of ice formation and thawing in soil is difficult. An approach with two different frequency dielectric permittivity measurements determined ice contents successfully but only in soils with low clay content (Bittelli et al., 2004) . Watanabe et al. (2010) , Liu and Si (2011) , Feasibility of the sensible heat balance (SHB) method for determining in situ soil ice content with heat pulse (HP) sensors was evaluated using field measurements. The required accuracy of HP sensor measurements for SHB was further assessed with a sensitivity analysis. Improving accuracy of thermal conductivity measurements and using short time steps are necessary to accurately estimate ice contents with the SHB method.
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and Zhang et al. (2011) estimated the ice contents of partially frozen soils based on volumetric heat capacity measurements with the heat pulse (HP) technique. However, this approach did not work well at temperatures just below 0°C because, during heat input periods, significant ice melting occurred near the probe surface. The total water (liquid plus ice) content of partially frozen soils can be determined by g-ray attenuation (Loch and Kay, 1978; Fukuda et al., 1980) and neutron moderation methods (Sartz, 1969; Willatt, 1979; Fukuda and Kinosita, 1985) . Ice content can then be determined by subtracting the liquid water content determined with dielectric permittivity from the total water content determined with g-ray attenuation or neutron moderation (Hayhoe and Bailey, 1985; Kahimba and Sri Ranjan, 2007) . However, using g radiation in the field is difficult, and neutron probe measurements often sample different volumes of soil than dielectric permittivity measurements. Furthermore, a combination of neutron probe and dielectric permittivity measurements requires different sampling locations so that sensors do not interfere with each other. Thus, a practical in situ technique for estimating ice content in partially frozen soils is still lacking. Heitman et al. (2008a Heitman et al. ( , 2008b ) developed a sensible heat balance (SHB) method with a sequence of HP sensors positioned with depth to determine subsurface evaporation rates as a function of depth and time. The applicability of the SHB method has been confirmed by a numerical study (Sakai et al., 2011) and by experiments (Xiao et al., 2011; Zhang et al., 2012; Deol et al., 2012; Trautz et al., 2013) . Kojima et al. (2013) suggested using the SHB method for soil freezing and thawing. Their numerical study showed that the SHB method could determine ice content as a function of depth and time at the centimeter scale if accurate thermal properties were obtained. However, the feasibility of the SHB method for soil freezing and thawing is unknown because of the difficulties in measuring soil thermal properties in partially frozen soils (Putkonen, 2003; Overduin et al., 2006; Ochsner and Baker, 2008; Watanabe et al., 2010) . Further evaluation of the SHB method for partially frozen soil is warranted including, in particular, evaluation of the required HP measurement inputs under these challenging conditions.
The objectives of this study were (i) to examine the SHB method for determining soil freezing and thawing rates under field conditions, and (ii) to numerically analyze the method's sensitivity to its input terms in order to determine measurement accuracy requirements. These objectives were addressed using separate approaches: a field experiment was used to examine the SHB method and a numerical sensitivity analysis was used to determine the accuracy requirements of the associated measurements.
Theory

Sensible Heat Balance Method
The HP technique has been used to determine soil volumetric heat capacity, C (J m −3 °C −1 ), and thermal conductivity, l (W m −1 °C −1 ) (Campbell et al., 1991; Bristow et al., 1994) . Temperature changes at a HP sensing needle, responding to heat input from a parallel heater needle, are described by the pulsed infinite line source solution (de Vries, 1952; Kluitenberg et al., 1995) 
where DT is the temperature change (°C) of the sensing needle at elapsed time t (s) and radial distance r (m) from the heater needle, q is the heating rate applied with the heater needle (W m −1 ), and t 0 is the heating duration (s), while Ei, the exponential integral, is defined as (e.g., Barry et al., 2000) Ei( ) d
When Eq. [1] is used in partially frozen soils, thermal property determinations are affected by ice melting and refreezing around the heater needle, i.e., both C and l (especially C) are overestimated (Ochsner and Baker, 2008) . This is because Eq. [1] assumes that there is no water phase change and that C and l are constant. The overestimated C and l are called apparent heat capacity and apparent thermal conductivity. An attempt was made by Zhang et al. (2011) to determine C in a partially frozen soil by using a numerical solution that included water phase changes during thawing and refreezing, but the numerical model worked well only when soil temperatures were lower than −4°C. The occurrence of thermal property overestimations with Eq. [1] are limited to negative soil temperatures near 0°C because the amount of ice melting due to a heat pulse input lessens as the soil temperature decreases below −2°C. Putkonen (2003) reported overestimations of C at temperatures between −10 and 0°C. The apparent heat capacity, C p , may be corrected by knowing the freezing characteristic of the soil and using (Watanabe et al., 2010; Zhang et al., 2011) 
where L f is the latent heat for water freezing (33.4 ´ 10 6 J m −3 ), and dq L /dT is the slope of the soil freezing characteristic (°C −1 ). Watanabe et al. (2010) estimated soil ice contents by using the correction of Eq. where r b is the dry soil bulk density (kg m −3 ), c s is the specific heat of the soil solids (J kg −1 °C −1 ), q L and q I are liquid water content and ice contents (m 3 m −3 ), and C L and C I are the volumetric heat capacities of liquid water and ice (J m −3 °C −1 ). Watanabe et al. (2010) reported that ice content determined with this method was reasonable when temperatures were lower than −2°C. This implies that correction using Eq.
[3] does not work well at temperatures between −2 and 0°C. Overestimation of l also occurs at temperatures between −2 and 0°C (Ochsner and Baker, 2008; Watanabe et al., 2010) . Therefore, thermal property values at temperatures between −2 and 0°C are unreliable when calculated using the line source equation, but they can, for example, be estimated by interpolation of thermal property values measured at temperatures less than −2°C and larger than 0°C.
The SHB for soil layers can be determined with HP sensors ( Fig.  1 ) (Heitman et al., 2008a (Heitman et al., , 2008b . Conductive heat flux across the upper and lower boundaries of a soil layer, H u and H l , respectively (W m −2 ), are determined from Fourier's equation:
where z i is the depth at the ith location (m), T i is the temperature (°C) given by the sensor at depth z i , and subscripts u and l represent upper and lower boundaries. The changes in sensible heat storage DS/Dt (W m −2 ) of a soil layer of thickness Dz (m) are given by
where DT i is the temperature change of the ith soil layer (°C), and Dt is the time step interval (s); C u and C l are averaged to estimate C at the center of the layer. Previous research on the SHB method for subsurface evaporation (Heitman et al., 2008a (Heitman et al., , 2008b Xiao et al., 2011) used HP sensors designed with 6-mm needle spacing, which has been the common and optimal design for application of HP sensors (Ren et al., 1999) . Therefore, the thickness of soil layers in the SHB calculations can be 6 mm or multiples of 6 mm. Because a phase change of water requires large amounts of latent heat, the residual or hidden heat term must be included in the sensible heat balance equation:
where L v is the latent heat for water vaporization (J m −3 ), E i is the evaporation rate from the ith layer (m s −1 ), and Dq I,i /Dt is the change in ice content in the ith layer (m s −1 ). When the soil temperature is above 0°C, the latent heat term (L v E i ) is associated with water evaporation and condensation, and E i is determined by dividing the latent heat term by L v . When the soil temperature is below 0°C, the latent heat term (−L f Dq I,i /Dt) is associated with water freezing and thawing, and Dq I,i /Dt is determined by dividing the latent heat term by −L f . Equation [7] has two assumptions: (i) there is no evaporation or condensation when the soil temperature is below 0°C, and (ii) convective heat fluxes associated with liquid water and vapor flow are negligible. Kojima et al. (2013) found that the first assumption was not valid because the shallowest soil layer (0-12 mm in their case) was impacted by evaporation and condensation (vapor exchange between the surface and the atmosphere), but the impact was negligible in soil layers deeper than 12 mm, i.e., latent heat fluxes due to vapor flow in soil are small and negligible. For the second assumption, Sakai et al. (2011) showed that the contribution of convective heat transfer is negligible for evaporation-condensation, and Kojima et al. (2013) showed the same for freezing-thawing.
Methods and Materials
Field Test
A field experiment was performed near Ames, IA, during day of the year (DOY) 342 to 352 (7-17 Dec.), 2012, in a bare field following corn (Zea mays L.) harvest. The soil is a Nicollet sandy clay loam (a fine-loamy, mixed, superactive, mesic Aquic Hapludoll), with 50.3% sand, 29.2% silt, 20.5% clay, and 5.4% organic matter. Four thermo-TDR sensors and a nine-needle HP sensor were used to measure T, l, and C in the top 100 mm of the soil (Fig. 2) . A thermo-TDR sensor combines both HP and TDR capabilities (Ren et al., 1999) . The thermo-TDR sensors were designed with three 40-mm-long needles spaced 6 mm apart with embedded Type E thermocouples, of which the center needle also had an embedded heater wire. The HP sensor consisted of nine 40-mm-long needles with embedded Type E thermocouples, of which four also had an embedded heater wire (Zhang et al., 2012) . All of the sensor needles were 1.28 mm in diameter. The four thermo-TDR sensors instrumented the 3-to 51-mm soil layer. The center needles of the sensors were at 9-, 21-, 33-, and 45-mm depths. The HP sensor instrumented the 51-to 99-mm soil layer, with heater needles at 57-, 69-, 81-, and 93-mm depths. Additionally, four TDR sensors with three 40-mm waveguides and 6-mm spacing were inserted Fig. 1 . Schematic showing how the three needles of a heat pulse sensor are used by the sensible heat balance method to determine latent heat for vaporization or fusion of the ith soil layer, including depth (z), temperature (T), thermal conductivity (l), volumetric heat capacity (C), sensible heat flux (H), change in sensible heat storage (DS/Dt), latent heat for vaporization (L v ), latent heat for fusion (L f ), evaporation rate (E), and change in soil ice content (Dq I /Dt). The subscripts u and l represent upper and lower boundaries, respectively.
p. 4 of 10 at depths of 57, 69, 81, and 93 mm. Time domain reflectometry measurements were performed with a TDR100 and coaxial multiplexer SDMX50 (Campbell Scientific) , and data acquisition was performed with a CR23X datalogger and AM16/32 multiplexers (Campbell Scientific) . Ambient soil temperature measurements (at depths of 3, 9, 15, 21, 27, 33, 39, 45, 51, 57, 63, 69, 75, 81, 87, 93, 99 mm) with the embedded thermocouples were performed hourly. Heat pulse inputs of about 13 W m −1 for 30 s were applied every 8 h, and l and C were determined by fitting Eq. [1] to heat pulse induced temperature changes with time. Adding heat to partially frozen soils by HP measurements may cause thermally driven liquid and vapor flow along with differential thawing of ice around the needle. The cumulative impact of these phenomena may be significant when the measurements (heat input) are performed frequently. It may lead to lower total water contents around the heating needles than around the sensing needles and cause errors in thermal property determination. To avoid this problem, we performed HP measurements only once every 8 h. By using a relatively long time interval between measurements, the heat input impacts were assumed to be negligible. Temperature changes due to each heat pulse were recorded for 90 s, and Eq. [1] was fitted to the data. Liquid water contents, q L , were determined with TDR measurements every 2 h, and the Topp et al. (1980) equation was used to approximate the liquid water content from the dielectric permittivity. Smith and Patterson (1984) reported that the liquid water contents of partially frozen soils determined with the Topp et al. (1980) equation had an accuracy of ±0.025 m 3 m −3 , which we considered to be adequate for this study. Measured T, l, and C were used as inputs to SHB theory ) with a 60-min time step to determine ice content changes within each 12-mm-thick soil layer. Between measurements, q L , l, and C were estimated by linear interpolation. The explicit SHB method estimated the ice content only when the soil temperature was below 0°C; the ice content was set to 0 m 3 m −3 whenever the soil temperature exceeded 0°C.
Sensitivity Analysis
Soil freezing and thawing events were simulated numerically with the simultaneous heat and water (SHAW) model. The SHAW model is a one-dimensional finite difference model that simulates coupled heat, water, and solute transfer in atmosphere-plantsnow-residue-soil systems (Flerchinger and Saxton, 1989a) and has been widely applied to in situ soil freezing and thawing events (Flerchinger and Saxton, 1989b; Nassar et al., 2000; Flerchinger et al., 2006) . Weather data for the Orchard Field Test Site in southwestern Idaho during DOY 332 to 342 (28 Nov.-8 Dec.), 1997, described in detail by Flerchinger and Hardegree (2004) , Flerchinger et al. (2006) , and Kojima et al. (2013) , were used to determine surface boundary conditions. Based on thermocouple and TDR measurements, the 1-m-deep lower boundary was held constant at T = 13.4°C and q L = 0.081 m 3 m −3 . The model soil was based on a Tindahay loamy sand (a sandy, mixed, mesic Xeric Torriorthent), described in detail by Kojima et al. (2013) . The soil thermal properties l and C were calculated with the de Vries model (de Vries, 1966) based on the volume ratio of soil constituents in the SHAW model. Initial temperatures and water contents were linearly interpolated from values measured with thermocouple and TDR. Node spacing was 0.006 m at the surface, increasing gradually with depth to 0.1 m at the bottom of the soil profile. The SHAW model outputs T, l, C, q L , and q I as functions of depth and time. Kojima et al. (2013) used these T, l, and C as inputs to a SHB-based model ) to determine q I based on the SHB method (henceforth SHB q I ), which they then compared with q I determined by the SHAW model (henceforth SHAW q I ). They found good agreement between SHAW q I and SHB q I . In the present study, random errors were added to the SHAW model's output T, l, and C values before passing them as inputs to the SHB method. By comparing the SHAW q I to the error-added SHB q I , the impact of measurement errors in T, l, and C on SHB calculations could be assessed. Imposed errors were uniform random deviates within ±5, ±10, and ±20% for l, ±10, ±25, and ±50% for C, and ±0.02, ±0.05, and ±0.10°C for T. Errors were imposed independently for each time step and soil layer. For each scenario, 100 realizations were analyzed. To evaluate the impact of thermal conductivity overestimation or underestimation on the SHB calculations, bias errors of 0.1 and 0.2 W m −1 °C −1 in thermal conductivity were tested concurrently with errors in thermal conductivity. To evaluate the impact of time step size, calculations were performed with either a common time step of 60 min or a shorter time step of 15 min. The performance of the SHB method with imposed errors was evaluated using the root mean square error (RMSE):
( )
where n is the number of observations. The RMSE was calculated only when the soil temperature was below 0°C, thus n is the number of data points for which q I > 0 m 3 m −3 . The presented RMSEs are the average of 100 realizations.
Results and Discussion
Field Test: Determining Temperature, Thermal Conductivity, and Heat Capacity
Measurements were performed for a 10-d interval during which the air temperature dropped below 0°C on six different days (Fig. 3a) . There were at least five soil freezing and thawing events near the surface of the soil. Figure 3b shows liquid water contents for the 9-to 21-, 33-to 45-, 57-to 69-, and 81-to 93-mm soil layers. The liquid water contents for each soil layer were determined by averaging two TDR measurements adjacent to the soil layers. Increases in q L (Fig. 3b) on DOY 344 and 350 were due to precipitation (5 mm on DOY 344 and 11 mm on DOY 350), in both cases occurring when soil temperatures were above 0°C. Dynamic changes in q L were observed during DOY 345 and 350 due to soil freezing and thawing. Thermal conductivity l was greater deeper in the profile (Fig. 3c ) due to higher water contents. As an artifact of ice melting due to a heat pulse input, the estimated values of l were sometimes unreasonably large (defined as l > 1.5 W m −1 °C −1 ). The unreasonable l values were replaced by estimates using linear interpolation between reasonable l values. The reasonable l values were determined from heat pulse measurements made at temperatures below −2°C or above 0°C. Unreasonable values of thermal conductivity were observed only when the soil temperature was between −1.68 and 0°C during the measurement period. In addition, HP sensors measured no temperature rise from heat inputs when the soil temperature was between 0 and −0.4°C, so linear interpolations were also used to estimate l in those cases. Because the soil layers deeper than 51 mm did not experience temperatures lower than −2°C during this study period, most of the thermal conductivities of partially frozen soils determined with the nine-needle HP sensor were extrapolated. In total, 66 out of 255 measurement values were replaced by interpolation-extrapolation. Fig. 3 . Field study results: (a) temperatures measured in the air and at soil depths of 15, 39, 63, and 87 mm; (b) in situ soil liquid water contents for the 9-to 21-, 33-to 45-, 57-to 69-, and 81-to 93-mm soil layers determined by time domain reflectometry (TDR) sensors, with bars representing precipitation; (c) thermal conductivities determined by heat pulse sensors at depths of 9, 33, 57, and 81 mm (unreasonably high thermal conductivities, artifacts of heat-pulse-induced ice melting, were eliminated and replaced by interpolations between viable measurements); and (d) soil ice contents for the 9-to 21-, 33-to 45-, 57-to 69-, and 81-to 93-mm soil layers estimated with the sensible heat balance method.
Likewise, the values of C were sometimes affected by ice melting during heating, with values sometimes exceeding the heat capacity of liquid water (4184 kJ m −3 °C −1 at 10°C; de Vries, 1966). Because C can be accurately estimated from the volume fractions and volumetric heat capacities of each soil constituent, C for the SHB method was calculated with Eq. [4]. The core measured r b value was 1370 kg m −3 . The value for c s was estimated at 893 J kg −1 °C −1 based on the soil particle size distribution, organic matter content, and specific heat of each soil solid constituent (Campbell, 1985) . Values for C L and C I (4184 and 1883 kJ m −3 °C −1 ) were taken from Campbell (1985) . Values for q L were determined from TDR measurements. The explicit SHB calculations produced the q I value used in the subsequent time step. Thus, the q I values used in Eq.
[4] were determined by the SHB method in the previous time step.
Field Test: Sensible Heat Balance Application
When the soil temperature dropped below 0°C, q I was estimated with the SHB method (Fig. 3d) . However, q I was sometimes unreasonably large, exceeding the saturated water content of the soil (0.5 m 3 m −3 ) or exceeding the q L determined by TDR before the freezing event (0.3-0.4 m 3 m −3 ). For the deeper layers, 57 to 69 and 81 to 93 mm, the liquid water contents before and after a freezing event (DOY 344 and 348) were similar (both approximately 0.37 m 3 m −3 ). By subtracting the liquid water content during freezing from 0.37 m 3 m −3 , the ice contents for these two layers were estimated. The estimated maximum ice contents for the 57-to 69-and 81-to 93-mm layers were 0.16 and 0.15 m 3 m −3 , respectively. Thus, the actual ice contents for these layers must be near these values even if the SHB method estimated larger ice contents for the deeper soil layers. In addition, q I values estimated with the SHB method were even negative at some depths. Abrupt decreases in q I resulted from the computational resetting of q I to zero when soil temperatures rose above 0°C. Given these issues, the SHB measurements and analyses as performed did not provide accurate estimates of q I . Kojima et al. (2013) demonstrated that the SHB method was feasible for soil freezing if necessary inputs for Eq. [7] were available. Thus, we attributed these inaccurate estimates of q I to the result of shortcomings in the analysis due to insufficient accuracy in measuring thermal properties and/or ambient temperature. We therefore performed a sensitivity analysis to investigate the required accuracy of input measurements for Eq. [7] .
Sensitivity Analysis
A sensitivity analysis was performed to determine if the SHB method could accurately estimate the ice content under known soil conditions. Because actual field soil properties were not known, a sensitivity analysis of the numerical data was the preferred option. We compared the relatively simple SHB method to the detailed, field-tested SHAW model. The SHAW model includes assumptions such as no liquid water flow in partially frozen soil when the available porosity is <0.13 m 3 m −3 and no temperature gradients within a simulated soil layer (Flerchinger, 1987) . Although its assumptions do not strictly represent field conditions, the SHAW model closely duplicated the soil thermal and hydraulic conditions of the Orchard site (Flerchinger and Hardegree, 2004; Flerchinger et al., 2006) , data from which we used for this sensitivity analysis.
Root mean square errors of SHB q I due to imposed random and bias errors for the 12-to 24-, 36-to 48-, 60-to 72-, and 84-to 96-mm soil layers are shown in Tables 1 and 2 . With no imposed errors, the SHAW q I and SHB q I showed good agreement at all depths (Fig. 4) . The RMSE values of q I for the 12-to 24-, 36-to 48-, 60-to 72-, and 84-to 96-mm soil layers with a 60-min time step were 0.008, 0.009, 0.007, and 0.005 m 3 m −3 , respectively. The RMSE values with a 15-min time step (0.004, 0.003, 0.002, and 0.003 m 3 m −3 , respectively) were even smaller than the 60-min time step values. Table 1 . The root mean square error (RMSE) between the simultaneous heat and water (SHAW) model based ice content (q I ) and the sensible heat balance (SHB) method based q I with each imposed set of random errors for the 12-to 24-, 36-to 48-, 60-to 72-, and 84-to 96-mm soil layers.
Soil layer RMSE in q I 15-min time step 60-min time step and RMSE values with a 15-min time step were 0.014, 0.011, 0.010, and 0.008 m 3 m −3 . The 60-min RMSE values were cut in half, as expected, when a 15-min time step was used because the standard error of the random errors was cut in half when four errors per hour were used instead of one. If the only effect of taking shorter time steps was to average (and thus reduce) the effect of random errors, we would expect (for example) the 60-min, ±5% random error runs to have the same RMSE as the 15-min, ±10% random error runs. But even making this adjustment, the shorter time steps still gave lower RMSE values (0.001-0.006). Thus, it is important to use relatively short time intervals for SHB input measurements. Because frequent heat application in the HP measurements may cause considerable soil ice melting, we recommend that thermal properties not be measured more frequently than every hour. However, ambient temperature measurements can be made frequently, or even continuously, without imposing heat. Using a short time interval for measurements is an achievable opportunity for improving SHB q I determinations. Thus, the following analyses focus on the 15-min time step results. Figure 5 shows the SHAW q I and SHB q I with random errors imposed on l. Figure 5 includes only results for the 12-to 24-mm layer because this layer usually showed the largest errors, i.e., errors were smaller for deeper layers. For the 12-to 24-, 36-to 48-, 60-to 72-, and 84-to 96-mm soil layers, RMSE values with ±5% error in l were 0.005, 0.004, 0.004, and 0.003 m 3 m −3 , respectively, RMSE values with ±10% error in l were 0.008, 0.006, 0.006, and 0.005 m 3 m −3 , respectively, and RMSE values with ±20% error in l were 0.014, 0.011, 0.010, and 0.008 m 3 m −3 , respectively. The differences between SHAW q I and SHB q I increased as imposed errors increased. The SHB q I with ±5% and with ±10% showed the best agreements with the SHAW q I . The 95% confidence intervals were small, with the widest confidence ranges in the 12-to 24-mm layer at 0.026 and 0.050 m 3 m −3 . The SHB q I with ±20% had overestimation or underestimation more often than the SHB q I with either ±5 or ±10% but still captured the trend in ice content. This indicates that l measurements should have at least The RMSE values did not increase much as the random errors increased, and the SHB q I showed good agreement with the SHAW q I even with ±50% random error. This implies that high accuracy is not required for the sensible heat storage term DS/Dt in Eq. [7] because the magnitude of DS/Dt was small compared with the other terms. The results show that measurement errors in C are not critical for the SHB method ice content determination, i.e., ±50% errors in C are acceptable.
The SHAW q I and SHB q I with random errors imposed on T are shown in Fig. 7 . For the 12-to 24-, 36-to 48-, 60-to 72-, and 84-to 96-mm (Campbell Scientific) provides temperature measurements at approximately 0.005°C resolution (Campbell Scientific, 2006) with, at most, 0.07°C error. Note that because the SHB method uses only temperature differences between temperature sensors, errors associated with datalogger temperature are not critical and errors in thermocouple measurements are only associated with voltage measurements of the datalogger. In addition, thermistors used in recent HP studies have a temperature resolution of 0.002°C, although attention needs to be paid to thermistor drift (Ochsner and Baker, 2008) . Therefore, measuring T with ±0.05°C sensitivity is feasible for thermocouple or thermistor measurements.
The SHB calculations made with consistently overestimated l resulted in overestimation of q I , and SHB calculations based on consistently underestimated l resulted in underestimation of q I . Over-and underestimations of SHB q I were largest in shallower soil layers due to the smaller l than in deeper soil layers, i.e., the ratios of imposed constant over-or underestimated values to the original l values were larger in the shallow soil layers ( Based on the sensitivity analysis, we believe that the unreasonable q I values in the field study were caused by inaccurate conductive heat flux calculations (Eq.
[5]), themselves caused by errors in l. The errors in l probably resulted from partial melting of soil ice by the HP. This result is consistent with Kojima et al. (2013) , who reported that conductive heat flux was much larger than the other heat transfer processes such as convective and latent heat transfer associated with liquid water and vapor flow, and errors in conductive heat flux calculation cause large errors in q I estimations. Errors in q I estimations in the field study were larger than the errors in the sensitivity analysis. This may be because the errors in field-measured l were larger than the errors in the l values used in the sensitivity analysis, i.e., l values from the field study had >20% error. Also, while the sensitivity analysis showed smaller errors in q I at deeper depths, the field study showed larger unreasonable q I values at deeper depths. This may be because the errors in l were relatively large in deeper soil layers. The temperature of the soil deeper than 51 mm did not become colder than −2°C. As a result, l values of partially frozen soils at depths below 51 mm were all estimated by extrapolations from unfrozen soil l.
The l values for soil shallower than 51 mm could be estimated by interpolation from unfrozen soil l and partially frozen soil l (less than −2°C). In general, interpolation provides more accurate estimations than does extrapolation, thus the soil below 51 mm probably had larger l errors than did the shallower soil.
To improve q I estimates with the SHB method, improving the determination of l in partially frozen soil is necessary. In this study, the HP-estimated l of partially frozen soil, i.e., an 8-h interval for HP measurement and interpolation and use of Eq.
[1] with interpolations of l when the temperature was between −2 and 0°C, did not provide very accurate values of l. An 8-h interval might be too long, and it can be shortened to an hour, even though the cumulative effect of such frequent HP measurements (differential thawing or thermally driven flow of liquid water and vapor in the close vicinity of the heating needle) on thermal property determination is unknown. The effective use of the pulsed infinite line source solution (Eq.
[1]) is limited to unfrozen soils and soils colder than −2°C. There is a large need for development of an application for determining actual thermal properties that takes into account soil water freezing and thawing.
Conclusion
To test and evaluate the feasibility of the SHB method to determine q I , a field experiment and a sensitivity analysis were performed. Field application of the SHB method was challenging because of the difficulty in accurately determining thermal properties in partially frozen soils. Values of q I estimated with the SHB method based on field measurements were not always physically reasonable. Based on the sensitivity analysis, l and time step size were the key factors most likely to contribute to errors and instability in SHB calculations, while T and C showed less influence. Using 15-min instead of 60-min time steps improved agreement between the SHB q I and SHAW q I . Thus, shorter temperature measurement time steps may improve q I determination with the SHB method. Accuracies within 20% in l measurements and 0.050°C in T measurements are required to obtain reasonable determination of q I with a 15-min time step. Errors in C can be as large as ±50%. Constantly over-and underestimated l can also cause errors in q I determination with the SHB method, and 0.1 W m −1 °C −1 over-and underestimations may be acceptable. Using the results from our sensitivity analysis, we can assert that the main reasons that the SHB method did not accurately estimate field values of q I were the long time intervals between measurements and the limited accuracy of in situ l values. Thus, future field experiments using the SHB method to determine soil freezing and thawing should use shorter time intervals between measurements and must focus on improving the accuracy of l measurements. Temperature measurements can be performed at 15-min intervals, and intervals between HP measurements may be reduced from 8 to 1 h. Overall, the SHB method shows potential for application to freezing conditions if thermal properties can be measured accurately.
